The overall size and structure of a synaptic terminal is an important determinant of its function. In a large-scale mutagenesis screen, designed to identify Drosophila mutants with abnormally structured neuromuscular junctions (NMJs), we discovered mutations in Drosophila mical, a conserved gene encoding a multi-domain protein with a N-terminal monooxygenase domain. In mical mutants, synaptic boutons do not sprout normally over the muscle surface and tend to form clusters along synaptic branches and at nerve entry sites. Consistent with high expression of MICAL in somatic muscles, immunohistochemical stainings reveal that the subcellular localization and architecture of contractile muscle filaments are dramatically disturbed in mical mutants. Instead of being integrated into a regular sarcomeric pattern, actin and myosin filaments are disorganized and accumulate beneath the plasmamembrane. Whereas contractile elements are strongly deranged, the proposed organizer of sarcomeric structure, D-Titin, is much less affected. Transgenic expression of interfering RNA molecules demonstrates that MICAL is required in muscles for the higher order arrangement of myofilaments. Ultrastructural analysis confirms that myosin-rich thick filaments enter submembranous regions and interfere with synaptic development, indicating that the disorganized myofilaments may cause the synaptic growth phenotype. As a model, we suggest that the filamentous network around synaptic boutons restrains the spreading of synaptic branches.
Introduction
During maturation of the neuromuscular system, motor nerves and skeletal muscles have to establish specialized junctions that not only regulate the molecular cross-talk between two tissues of different developmental origins but ultimately also enable controlled body movements. In conjunction with muscle-derived signals, growth cones of motor axons decide where on the muscle surface to build such neuromuscular terminals (Araujo and Tear, 2003) . Once they have formed and function, however, neuromuscular junctions (NMJs) have to be maintained and structurally remodeled during postembryonic life (Goda and Davis, 2003) . To balance contractile strength in a constantly growing animal, presynaptic terminals adjust their structure and function according to the size of the muscle fibers or, more general, to the requirements of their postsynaptic targets. This is a fundamental process that not only occurs at NMJs but also at central synapses in the vertebrate brain (Yuste and Bonhoeffer, 2001; Lamprecht and LeDoux, 2004) . Although the process of synapse formation is quite well understood, relatively little is known about the molecules that are involved in remodeling synapses.
NMJs of Drosophila serve as an attractive model system to study synaptic structural plasticity, and a number of genes have been described recently that control synaptic growth and structure, including the cell adhesion molecules Fasciclin II (FasII) and bPS-integrin (Schuster et al., 1996; Beumer et al., 1999) , the microtubule-associated protein Futsch Roos et al., 2000) , the potential ubiquitin ligase Highwire (Wan et al., 2000) and the BMP type II receptor Wishful thinking Marques et al., 2002) . While all of these molecules are assumed to function presynaptically, only a few postsynaptic regulators of synaptic structure have been identified in Drosophila. These include the tumor suppressor Discs large (Dlg) (Lahey et al., 1994) , the Rho-type guanine nucleotide exchange factor dPix (Parnas et al., 2001 ) and the Poly(A)-binding protein (PABP) (Sigrist et al., 2000) . Since all of these molecules are assumed to function in different cellular processes, it is currently unknown how their functions are combined to orchestrate synaptic growth.
The postsynaptic cytoskeleton could function as such a central integrator that combines different growth signals, as it has been shown to mediate morphological changes of synapses in vertebrates (Matus, 2000; Lamprecht and LeDoux, 2004) . For example, assembly and disassembly of actin filaments have been shown to influence the structure of dendritic spines, small protrusions of the dendritic shaft representing postsynaptic elements of central synapses (Fischer et al., 1998) . In addition, a number of actin binding proteins and Rho-type GTPases are important for maintaining spine integrity (Li and Sheng, 2003) . Actin remodeling also mediates the growth and shrinkage of dendritic spines associated with changes in synaptic strength (Dillon and Goda, 2005) . In a more general view, the cytoskeleton appears to couple functional changes to subsequent morphological changes such as sprouting of new spines. Similar to dendritic spines in vertebrates, synaptic boutons at the Drosophila NMJ are the fundamental unit of structural remodeling as they can be flexibly added or retracted during synaptic growth (Goda and Davis, 2003) .
In a large-scale mutagenesis screen, we discovered a cytoskeletal regulator that has a profound impact on the structure of NMJs in Drosophila. mical mutants have highly penetrant defects in the patterning and arrangement of synaptic boutons. mical is expressed in muscles and required for the ordered organization of myofilaments. In mical mutants, deranged actin and myosin filaments progressively accumulate in the cytoplasm and interfere with the organization of the postsynaptic region, leading to synaptic boutons that are deeply embedded in the muscle tissue. The tight cytoskeletal network around synaptic boutons appears to be a major obstacle for synaptic branches to sprout over the muscle surface.
Results
The somatic musculature in an abdominal segment (A2-A7) of Drosophila embryos and larvae consists of 30 muscles that are innervated by five motor nerve branches. Each branch innervates a group of neighboring muscles at stereotypic positions (Fig. 1A) . The structure of NMJs can therefore be easily compared, since they are located at invariant positions on uniquely identifiable muscles in a repetitive segmental pattern. During larval development, NMJs continue to increase in size by adding more synaptic boutons and branches. To search for both positive and negative regulators of synaptic growth, we conducted a large-scale EMS mutagenesis screen and visually searched for anatomical alterations of NMJs in third instar larvae using the synaptic marker protein CD8-GFP-Sh (Parnas et al., 2001; Aberle et al., 2002) . The fluorescent protein CD8-GFP-Sh accurately reflects the structure and location of NMJs by accumulating specifically in the postsynaptic compartment (Fig. 1B) (Zito et al., 1999; Parnas et al., 2001; Aberle et al., 2002; Meyer and Aberle, 2006) . CD8-GFP-Sh consists of the extracellular and transmembrane domain of human CD8 fused to GFP S65T and a domain of the Shaker potassium channel (Zito et al., 1999) . If transgenically expressed in muscles, it enriches at all type-I boutons due to the interaction of its C-terminal Shaker domain with the synaptically localized protein Discs large (Dlg). In Drosophila larvae, each neuromuscular junction normally consists of synaptic branches that sprout from one or two nerve entry points, the sites where motor axons initially contact muscle fibers during synapse formation, along the muscle fiber. Each branch contains a chain of donut-shaped boutons, which harbor active zones for the release of neurotransmitter. Four classes of branch-specific boutons (type Ib, Is, II, III) have been described, the largest and most prominent of which are type Ib boutons, which are 2-4 lm in diameter and contain 30-40 active zones (Atwood et al., 1993; Jia et al., 1993) .
In the screen of the third chromosome, we identified seven alleles of a novel mutant that showed an unusual synaptic phenotype. Instead of spreading along muscle fibers as in wild-type larvae (Fig. 1C) , neuromuscular terminals formed bouton clusters along synaptic branches or around nerve entry points (Fig. 1D) . Based on the resemblance of the fluorescent bouton accumulations with star clusters or galaxies, we called this mutant initially milchstrasse (German for milky way). By imaging through the translucent cuticle of milchstrasse (milch) mutants, we found that NMJs were located at their expected positions but appeared more condensed and hazy (Fig. 1D ). When we compared dissected and fixed wild-type (Fig. 1E ) and milchstrasse mutant (Fig. 1F ) third instar larvae, the synaptic territory (muscle area covered by NMJs) contained clumps of densely packed boutons, many of which appeared also smaller.
Positional cloning of milchstrasse
The milchstrasse locus was mapped by meiotic recombination and deficiency mapping to the cytological region 85E6-86A1 on the third chromosome. We used the small deficiency Df(3R)swp2 mical to further demarcate the critical interval. Df(3R)swp2 mical deletes 12 annotated genes located between EP(3)3681 and P(lacW)s2681 ( Fig. 2A ; 85E14-85F7 on the cytological map according to FlyBase) and did not complement the neuromuscular phenotype. Since the likelihood to carry an EMS-induced mutation increases with the size of a gene we assumed that the milchstrasse gene must be rather large, because we recovered seven independent alleles in the screen. In the candidate region, only a single gene, called Drosophila mical (Molecule Interacting with CasL), fulfilled this criterion, and we could show that it is mutated in each allele (see below). Drosophila mical mRNA is subjected to alternative splicing, and at least three different transcripts are expressed in embryos (Fig. 2B , Terman et al., 2002) . The transcript of the longest isoform encompasses 14.1 kb and encodes a multidomain protein with 4723 amino acids . It consists of an N-terminal flavoprotein monooxygenase domain (amino acids $46-529), a Calponinhomology domain (CH, aa $564-655), a LIM domain (aa $1073-1129), a proline-rich motif interacting with SH3 domains (aa $4514-4521), a coiled-coil domain (aa $4549-4679) and at the very C-terminus a S/TXV consensus motif for binding PDZ-domains (Fig. 2C, Terman et al., 2002) . While flavin adenine dinucleotide (FAD)-binding monooxygenases usually oxidize small molecules by covalently introducing molecular oxygen (Ziegler, 1993) , the remaining domains in MICAL are predicted to mediate protein-protein interactions. Accordingly, mical appears to encode a multi-domain scaffolding protein that links interacting proteins to its N-terminal flavoenzyme.
We sequenced the MICAL-encoding exons on genomic DNA and detected EMS-induced point mutations in all milchstrasse alleles. We therefore renamed our milchstrasse alleles to mical G56 , mical
G158
, mical I666 , mical I696 , mical
I1367
, mical K583 and mical K1496 (Fig. 2D) . In mical
K583
, we found a single point mutation at the beginning of the monooxygenase domain (Fig. 2E) , which changes arginine 113 into a stop codon (R113Stop, amino acid positions refer to the long isoform of MICAL, GenBank Accession No. AF520715, Terman et al., 2002) . We found additional stop codons in mical
(Q826Stop) and mical G56 (Q906Stop), the last three of which terminate MICAL downstream of the monooxygenase domain, indicating that it is not sufficient for MICAL function (Fig. 2C) . mical I1367 contains an exchange of glycine 134 to arginine (G134R) in the FAD-binding motif GXGXXG, which is evolutionary conserved even in plants and bacteria (Fig. 2F) . mical G158 harbors a point mutation (G433S) in a second FAD-interacting motif located at the end of the monooxygenase domain (FAD fingerprint 2, aa 427-457; Fig. 2F ). By identifying single missense mutations in FAD fingerprint sequences, we provide compelling evidence that the monooxygenase domain is necessary for MICAL function. Genetic mapping and sequence analysis therefore demonstrate that mical is mutated in milchstrasse mutants.
Neuromuscular defects develop postembryonically in mical mutants
Drosophila MICAL was originally identified in a yeast two-hybrid screen using the cytoplasmic domain of Plexin A to search for interacting proteins .
By binding to the C-terminus of Plexin A, a co-receptor for Semaphorin 1A, MICAL has been shown to control guidance decisions in migrating motor axons . We therefore analyzed the trajectories of motor axons in our alleles during stages 16-17 of embryonic development, when neuromuscular connectivity is Fig. 3B and C, respectively) . Misinnervation frequencies, however, were only slightly increased (Table 1) . Misrouted nerve branches were more common in Df(3R)swp2 mical homozygous mutant embryos. Motor axons in the SNa pathway, for example, failed to properly innervate their target muscles in 46.2% of hemisegments compared to 11.2% in wild-type embryos (Fig. 3D , Table 1 ). Motor nerve branches appeared also slightly underdeveloped and developmentally delayed in the deficiency mutants. Though major pathways usually formed, motor axon guidance and muscle innervation phenotypes occur in mical mutants but defects are comparatively mild in alleles carrying single point mutations.
To examine when the structural defects of NMJs arise, we analyzed wild-type and mical mutant animals at different developmental stages. Similar to third instar larvae (compare Fig. 1C and D) , NMJs of wild-type first instar larvae ( Fig. 3E ) contained longer synaptic branches and less bouton clusters than mical mutants (Fig. 3F ). To visualize NMJs in embryos, we used anti-DVGLUT antibodies, which recognize the Drosophila vesicular glutamate transporter (DVGLUT) and reliably label presynaptic terminals in stage 16-17 embryos . NMJs formed at expected locations but we did not detect any obvious structural differences between wild-type ( Fig. 3G ) and mical mutant (Fig. 3H ) embryos. Hence, neuromuscular defects in mical mutant animals seem to arise during postembryonic stages when NMJs undergo extensive structural reorganization.
While the phenotype was 100% penetrant, we noticed that its expressivity varied in strength on individual muscle fibers. Only 72%, 32% and 97% of NMJs on muscles 1/9, 6/ 7 and 8, respectively, had a visibly distinguishable phenotype in mical I666 /Df(3R)swp2 mical mutants (n = 110 hemisegments). The remaining NMJs on these muscles approached wild-type morphology. To quantify the structural defects, we counted synaptic boutons at NMJs innvervating the cleft between ventral muscles 6 and 7 in dissected third instar larvae stained with CD8-GFP-Sh (Fig. 3I , Table 2 ). The number of boutons was increased in hemizygous mical mutant larvae (e.g. 62.4 ± 15.2 in Df(3R)swp2 mical /mical I666 versus 36.9 ± 9.1 in wild-type). The muscle surface area was also consistently larger (59120 ± 7815 lm 2 in Df(3R)swp2 mical /mical I666 versus 50100 ± 8506 lm 2 in wild-type). In relation to muscle size, bouton numbers were still statistically significantly increased in hemizygous mical mutants (1.07 ± 0.23 · 10
mical / mical I666 versus 7.76 ± 2.54 · 10 À4 in wild-type controls, p < 0.01, students t-test, n = 20 hemisegments). Thus, mical mutant NMJs contain slightly more synaptic boutons than wild-type NMJs.
We wondered whether the abnormally structured NMJs lead to a behavioral phenotype. While mical mutant larvae had well-coordinated and regular peristaltic movements when crawling on fruit agar plates, the vigor of the peristalsis was strongly reduced. Contraction waves advanced slowly compared to actively migrating wild-type larvae (data not shown). Transheterozygous allele combinations produced viable and fertile adults, with no discernible external defects other than they were completely unable to fly. In a simple flight test (Benzer, 1973) , we quantified the flight capabilities (Fig. 3J ). When we pushed wild-type and mical
G56
/mical I666 mutant flies through a funnel into a glass cylinder, we collected 55.4% wild-type flies but less than 1% mutant flies within the first 10 cm of the glass cylinder (n = 220 flies). In contrast, only 10.5% wild-type but 82.7% mutant flies fell onto the bottom, demonstrating that mical mutants were strongly flight defective. The structural defects of mical mutant NMJs are hence coupled to a defect in the function of the neuromuscular system.
MICAL is highly expressed in somatic muscles during embryogenesis
To determine where mical is expressed during embryonic development, we synthesized Digoxigenin-labeled antisense /Df(3R)swp2 mical (C) and Df(3R)swp2 mical (D) mutant embryos stained with anti-GFP (green) and anti-Fasciclin II (red) to reveal somatic muscles and motor axons, respectively. Df(3R)swp2 mical homozygous embryos (D) do not express CD8-GFP-Sh. Lateral muscles are innervated by the SNa and ventral internal muscles by the ISNb (arrowheads in (A)). Mutant embryos establish major nerve pathways but show minor branching and innervation abnormalities (arrows in (B-D)). The ISNb of Df(3R)swp2
mical mutant embryos appears underdeveloped (D). (E and F) Confocal micrographs of dorsal-most muscle pairs 1/9 and 2/10 in wild-type (E) and mical K583 /mical I666 mutant (F) first instar larvae stained with CD8-GFP-Sh. NMJs are smaller and more condensed in mical mutants. (G and H) Confocal micrographs showing the innervation pattern of dorsal muscles 1/9 and 2/10 in three consecutive segments of stage 17 embryos. (G) Undissected CD8-GFP-Sh wild-type embryo stained with anti-GFP (green) and anti-DVGLUT (red). DVGLUT is expressed on synaptic vesicles, which are transported along motor nerves and accumulate at NMJs (arrow). (H) Nerves and NMJs (arrow) are similar with respect to their size, structure and location in a mical K583 /mical I666 mutant embryo. (I) Graphic representation of the number of synaptic boutons in the cleft between muscles 6 and 7 relative to the combined size of these muscle fibers in dissected CD8-GFP-Sh wild-type and mical mutant third instar larvae of the indicated genotypes. Bouton numbers are statistically significantly increased in hemizygous mical mutants (error bars = standard error; students t-test p < 0.01; n = 20 for each genotype). probes from EST AT26738 (Fig. 4A-C) . These probes were complementary to sequences of the N-terminal monooxygenase domain, which is expressed in all isoforms. At stage 9, mical was weakly but uniformly expressed in the developing germ band (Fig. 4A) . At stage 13-15, mical was most notably expressed in the developing midgut and somatic musculature (Fig. 4B) . During stage 15, expression in muscles began to cease but became detectable in cells of the CNS (Fig. 4C) . Using MICAL-specific polyclonal antibodies , we confirmed that MICAL is highly expressed in the somatic mesoderm at stage 13-17 ( Fig. 4D and G) . MICAL was not homogenously distributed in developing muscles but accumulated preferentially at muscle attachment sites and the plasmamembrane, often outlining the muscles and emphasizing the cleft between neighboring muscle fibers (Fig. 4G) . The staining was specific, because it was absent in mical K583 mutant embryos that harbor a N-terminal stop codon ( Fig. 4E and H) . We noticed that the subcellular distribution of MICAL was altered in mical G158 mutant embryos, which carry a point mutation in FAD fingerprint 2 ( Fig. 4F and I) . MICAL accumulated in a punctate pattern in these mutant muscles and was not selectively transported to the cell membrane ( Fig. 4F and I ). We detected these intracellular aggregates also in neurons of the peripheral and central nervous system (but no longer in muscles) in mical G158 mutant third instar larvae (data not shown). Consistent with expression of MICAL in central neurons, we observed it also at NMJs of wild-type larvae (Fig. 4J-L) . Using Synaptotagmin and CD8-GFP-Sh as specific pre-and postsynaptic markers, respectively, we found that MICAL is expressed predominantly in presynaptic terminals of third instar larvae (Fig. 4L, see discussion) . Staining at NMJs was absent in all mical alleles except mical
I1367
. To test whether the short isoform of MICAL could rescue mical mutations, we used the Gal4/UAS-system (Brand and Perrimon, 1993) to express it in neurons or muscles using Elav-Gal4 or 24B-Gal4, respectively, in the background of transheterozygous mical mutations. We independently tested insertions of UAS-mical on the second and third chromosome but neither expression in nerves nor in muscles could substantially rescue the synaptic or the flightless phenotype, indicating that one of the longer isoforms of MICAL may be functionally required in the neuromuscular system. However, we noticed in independent experiments that exogenous MICAL was very weakly expressed on the protein level despite we could robustly detect its mRNA (data not shown). The low expression level could therefore contribute to the decreased rescue activity. Taken together, the analysis of the expression pattern shows that MICAL is broadly expressed during embryogenesis. With respect to neuromuscular development, it is initially expressed in muscles before it is upregulated in neurons. In addition, the mislocalization and absence of MICAL in mutant embryos and larvae support the finding that MICAL is mutated in milchstrasse mutants.
Sarcomeric patterning of muscles filaments is disturbed in mical mutants
Since MICAL localizes to NMJs, and NMJs are structurally altered in mical mutants, we wanted to determine if there are any changes in the subcellular distribution of synaptic proteins. To examine presynaptic terminals, we stained NMJs in larval fillet preparations with antiNc82 antibodies, which recognize an antigen of transmitter-release zones . Compared to wild-type CD8-GFP-Sh animals ( Fig. 5A-C) , NMJs in mical G56 /mical I666 mutants appeared structurally more compressed and showed bouton clusters along synaptic branches but did not reveal any alterations in the expression level or subcellular localization of this active zone marker (Fig. 5D-F) . In addition, we surveyed the Number of synaptic boutons ± standard deviation between muscles 6 and 7 in dissected third instar larvae of the indicated genotypes stained with CD8-GFP-Sh. The combined muscle surface areas ± standard deviations are given in lm 2 . n = 20 for each genotype.
expression patterns of a variety of synaptic proteins, some of which are specific presynaptic (Synaptotagmin, Futsch) or postsynaptic markers (Dlg, GluR). Unexpectedly, we could not detect any obvious abnormalities in the distribution or expression level of these proteins (data not shown). Since MICAL is expressed in somatic muscles, we examined the expression of muscle-specific markers. When we stained wild-type CD8-GFP-Sh larvae with anti-myosin heavy chain (MHC) antibodies, myosin filaments were arrayed in a highly striated pattern reflecting their organization into sarcomeres (Fig. 5G-I) . In mical mutants, however, the repetitive sarcomeric patterning was almost completely lost and clumped boutons were embedded in disordered myosin filaments (Fig. 5J-L ). These observations suggest that synaptic marker proteins localize normally in mical mutant NMJs but the myofibrillar architecture of muscles is severely disrupted.
Defects in the organization of myofibrils arise during larval stages
To analyze when the defects in myofibril organization arise, we stained wild-type and mical mutant embryos with anti-MHC antibodies. At stage 16-17, when muscle fibers are already contractile but do not undergo patterned contraction movements, myosin filaments were highly abundant but not yet ordered into striated fibrils (Fig. 6A ). Filaments were arranged in thin strings, which were oriented in parallel to the prospective muscle fiber, thereby revealing the outline and orientation of each fiber. In mical mutant embryos, we did not observe any obvious differences in the distribution or expression level of MHC-positive filaments (Fig. 6B) . In dissected wild-type first instar larvae, myosin filaments were ordered into a regular striated sarcomere pattern (Fig. 6C) . The sarcomeric pattern K583 (E) and mical G158 (F) mutant embryos stained with anti-MICAL antibodies. MICAL is expressed in somatic muscles in wild-type and mical G158 but not in mical K583 mutant embryos due to a premature stop codon. (G-I) Confocal micrographs of stage 17 wild-type CD8-GFP-Sh (G), mical K583 (H) and mical G158 (I) mutant embryos stained with anti-GFP (green) and anti-MICAL (red) antibodies. In wild-type muscles, MICAL is concentrated at muscle attachment sites and at the plasmamembrane (arrow in (G)). MICAL is not detected in mical K583 mutant embryos, but accumulates in a punctate pattern in central and peripheral muscle regions in mical G158 mutant embryos (arrow in (I)). (J-L) Confocal micrographs of NMJs between muscles 6/7 in a dissected third instar wild-type larva stained with CD8-GFP-Sh (J) and anti-MICAL antibodies (K). MICAL is surrounded by postsynaptic CD8-GFP-Sh (green rim) and is also detected in presynaptic nerves (arrow in (L)). Scale bars: 20 lm (A-L).
was disarranged, however, in mical mutant larvae (Fig. 6D) . Myosin filaments were organized in needle-like arrays and oriented along the longitudinal axis of muscle fibers, resembling the embryonic pre-sarcomere state. In the course of larval development, muscle fibers grow tremendously in size and increase the number of sarcomeric bands. During these growth processes, however, we never observed filament tangles in wild-type larvae (Fig. 6E) . In contrast, in mical mutants, the myofibrillar phenotype worsened over time and was not repaired. Misaligned myosin filaments not only increased in quantity but became also layered in all directions, even perpendicular to the longitudinal axis of the muscle fibers (Fig. 6F ). Since such filaments arrangements would seem to be incompatible with controlled muscle contractions we wondered why mical mutant larvae were still able to crawl, even though slow and sluggish. When we scanned through an entire muscle fiber, we found that misaligned myofilaments were located mainly in the peripheral cortex (0-5 lm below the plasmamembrane) of the muscle fiber (Fig. 6G ) and did not, in most cases, extend into the innermost core (Fig. 6H) . The patterned filament arrays in the core region seem to be sufficient for slow but coordinated muscle contractions. It is interesting to note that the average length of the disorganized filament bundles appeared longer than the length of sarcomeres ( Fig. 6G and H) . In addition, the coat of disorganized myofilaments was often interrupted by vessel-like channels (arrow in Fig. 6G ). The channel-like features were derived from terminal tracheal branches (tracheoles) that normally grow between the basal lamina and the sarcolemma across the muscle surface (data not shown). In the case of mical mutants, the tracheoles were surrounded by mislocalized myosin filaments but not covered by them. When we dissected adult flies, indirect flight muscles of wild-type animals consisted of striated myofibrils that were densely packed (Fig. 6I) . The higher-order assembly was lost in mical mutant indirect flight muscles (Fig. 6J) . Although we observed myofibrils with an apparently undisturbed sarcomeric arrangement, myosin filaments of most myofibrils appeared to have fused to an amorphous mass. These findings suggest that the muscle filament disarrangements arise during postembryonic development and likely cause the flight defects in mical mutant adults.
To test whether MICAL is functionally required in muscles or nerves, we inhibited the expression of the endogenous gene in these tissues. For this purpose, we used transgenic RNAi lines that contain hairpin constructs for tissue-specific expression of mical double-stranded (ds) RNAs (see Materials and methods). Each construct consists of an inverted mical cDNA repeat (UAS-mical-IR) that can be transcribed in a Gal4-dependent manner. When we induced expression of UAS-mical-IR in motoneurons using OK371-Gal4, we were unable to detect any obvious defects in the organization of myosin filaments neither in larval muscles (Fig. 6K ) nor in adult indirect flight muscles (Fig. 6M) . Similar results were obtained with Elav-Gal4 that drives expression in all postmitotic neurons. In contrast, when we expressed UAS-mical-IR in muscles using the muscle-specific driver Mef2-Gal4, we found a highly similar, albeit weaker, myosin filament phenotype as in mical mutants. Myosin filaments formed needle-like aggregates in muscles of third instar larvae (Fig. 6L ) and a felt-like network in indirect flight muscles of adult flies (Fig. 6N) . Flies expressing UAS-mical-IR in muscles, but not in neurons, were also completely flightless. The morphology of larval NMJs, however, was not affected, regardless of whether we inhibited MICAL expression in muscles or neurons. Since only muscle-specific expression of UAS-mical-IR could mimic mical mutant phenotypes, MICAL seems to be required postsynaptically for myofilament organization.
The basic sarcomeric scaffold is preserved in mical mutants
To investigate whether the subcellular pattern of other sarcomeric proteins were affected as well in mical mutants, we simultaneously stained larval muscles with fluorescently-labeled phalloidin and anti-MHC antibodies. Phalloidin binds to filamentous actin (F-actin) but not to its monomeric form (G-actin). As expected, actin filaments interdigitated with myosin filaments in wild-type sarcomeres (Fig. 7A-C) . F-actin was not enriched, however, adjacent to postsynaptic sides of NMJs (arrowheads in Fig. 7A-C) . In contrast, synaptic boutons of mical mutants showed strong postsynaptic accumulations of filamentous actin (arrowheads in Fig. 7D-F) . F-actin also co-localized with chaotically arranged myosin filaments in superficial muscle regions, indicating that both filament types were complexed outside sarcomeres. While actin and myosin showed a dramatically altered subcellular localization pattern, the sarcomeric protein D-Titin (Kettin) seemed to be much less affected (Fig. 7G-L) . D-Titin spans the entire half-sarcomere and is thought to act as a molecular scaffold that coordinates the assembly of contractile proteins Gregorio and Antin, 2000) . D-Titin formed regular sarcomeric arrays both in wild-type ( Fig. 7G-I ) and mical mutant larvae (Fig. 7J-L) . The striated arrangement of D-Titin appeared disordered, however, around synaptic boutons (arrows in Fig. 7J-L) . Hence, mical mutants show additional defects in the organization of the cytoskeleton around synaptic boutons. In addition, the basic framework for sarcomere assembly seems to be less disrupted than the contractile elements.
Ultrastructural analysis of mical mutants reveals loss of postsynaptic differentiation
Using electron microscopy, we examined the ultrastructure of muscle 6 and 7 in transverse sections of third instar larvae (Atwood et al., 1993; Jia et al., 1993) . In ultrathin sections of wild-type larvae, the presynaptic terminals were filled with synaptic vesicles that accumulated at active zones (Fig. 8A) . These neurotransmitter-release sites are characterized by electron dense membrane thickenings and T-bars (Fig. 8A1) . Presynaptic boutons were surrounded by invaginations of the muscle plasmamembrane, called the subsynaptic reticulum (SSR) (Fig. 8A2) . The SSR is a stack of convoluted membranes that increases the membranous surface between the extracellular space and the cytoplasm of the muscle (sarcoplasm). Normally, the SSR is not in direct contact with contractile filaments but spatially separated from them by a belt of sarcoplasm.
In mical mutants, the overall organization of presynaptic endings appeared to be ultrastructurally normal (Fig. 8B) . We noticed, however, dramatic changes on the postsynaptic side. The SSR occupied a larger volume around presynaptic boutons and was reduced to small cisternae that were fewer in number and less convoluted than in wild-type animals (Fig. 8B1) . We observed on electron micrographs that these tubular structures were indeed invaginations of the sarcolemma and thus remnants of the SSR (data not shown). More importantly, the usually highly structured postsynaptic domain was completely disorganized. Instead of being strictly separated by the SSR, myofilaments accumulated in postsynaptic regions. We observed myosin-rich thick filaments, often surrounded with associated thin filaments, at the plasmamembrane and even directly beneath active zones (arrow in Fig. 8B1 ). In addition, we found no evidence that the disorganized thick filaments were bundled into hexagonal arrays or were attached to M-line-like structures. Instead, they were distributed singly or in loose bundles in the cytoplasm and were oriented in all directions (arrows in Fig. 8B2 ). Myofilaments enclosed presynaptic endings with a network of cytoskeletal fibers, which effected their superficial location. In virtually all cases, boutons were deeply embedded in the muscle tissue and covered with a thick layer of sarcoplasm and disorganized myofilaments (bracket in Fig. 8B ). Since the SSR develops postembryonically, it appears that detached myofilaments infiltrate the submembranous sarcoplasm and interfere with postsynaptic differentiation. It is therefore possible that the disturbed spatial arrangement of the SSR, the engulfment of synaptic boutons with cytoskeletal elements and their deep location in the muscle tissue cause, at least partially, the synaptic growth defects in mical mutants.
Discussion
In a postembryonic screen designed to identify mutations that affect the structure, maintenance and remodeling of neuromuscular synapses, we isolated a complementation group that harbors point mutations in Drosophila mical. Synaptic boutons in mical mutant NMJs have the tendency to cluster around initial nerve-muscle contact sites and along synaptic branches and therefore fail to spread properly along the muscle fiber. The dense bouton accumulations in mical mutants develop postembryonically, starting in first instar larvae. Embryonic NMJs were not visibly altered suggesting that mical mutations do not affect synapse formation per se but synaptic remodeling during the period of rapid larval growth. In superficial muscle regions, actin filaments are disorganized, co-localize with myosin filaments and are concentrated around presynaptic terminals (arrowheads). In more interior muscle regions of this specimen, myofilaments are integrated into sarcomeres. (G-I) Confocal images of muscles 6/7 in a wild-type larva stained with CD8-GFP-Sh (G) and anti-D-Titin (H). D-Titin is inserted into Z-discs and forms a regular sarcomeric pattern that is not disturbed near synaptic boutons (I). The antibody also labels muscle nuclei. (J-L) Confocal images of muscles 6/7 in a mical K583 /mical I666 mutant larva stained with CD8-GFP-Sh (J) and anti-D-Titin (K). The arrangement of D-Titin seems almost normal in mical mutants (L). The Z-disc striation is disturbed, however, around synaptic boutons (arrows in (J-L)).
Drosophila mical mutants have abnormally shaped neuromuscular junctions
Drosophila MICAL belongs to a novel protein family that is conserved from invertebrates to mammals. Human MICAL-1 was first discovered by Far Western screening using the SH3-domain of human CasL to probe an expression library (Suzuki et al., 2002) . Cas family proteins generally serve as docking molecules that assemble intracellular complexes to transduce extracellular signals, especially at focal adhesions where they regulate the anchorage of integrins to actin-rich stress fibers. MICAL-1 was therefore implicated in the regulation of the cytoskeleton (Suzuki et al., 2002) . Human MICAL-1 has also been shown to interact with Rab1, a small GTPase that plays a role in vesicle trafficking (Weide et al., 2003) , and to assemble into a filamentous network when transfected into tissue culture cells (Suzuki et al., 2002; Fischer et al., 2005) . In Drosophila, MICAL has been shown to regulate embryonic motor axon guidance by binding to Plexin A, a co-receptor for Semaphorin 1A . Consequently, MICAL was suggested to control cytoskeletal changes in migrating axons in response to repulsive environmental cues. Embryonic motor axon guidance errors can persist into larval stages, with NMJs forming at unusual positions or being entirely absent at a high percentage of larval muscles (Sink et al., 2001; de Jong et al., 2005; Meyer and Aberle, 2006) . In our mical mutant alleles, however, NMJs generally formed at their wild-type positions, apart from occasional errors on muscles innervated by the SNa pathway. We therefore examined motor axon trajectories in mutant embryos and observed relatively mild but statistically significant projection errors. When we analyzed the original mical deficiency allele, however, motor axon guidance and innervation defects were more pronounced. A possible explanation for this discrepancy could be that 
Df(3R)swp2
mical deletes 12 annotated genes (FlyBase), whereas our alleles carry single point mutations.
We identified deleterious point mutations in the mical gene in all seven EMS-induced alleles, the most interesting of which are single, non-truncating missense mutations in mical I1367 and mical G158 . The mutation in mical I1367 (G134R) alters a highly conserved glycine residue in the monooxygenase domain that is necessary for binding the co-factor FAD (Nadella et al., 2005; Siebold et al., 2005) . Loss of the ability to interact with FAD likely disrupts the function of the monooxygenase. In fact, point mutations in this motif have been shown to abolish enzymatic activity in related monooxygenases (Wierenga et al., 1986; Lawton and Philpot, 1993) . FAD and the monooxygenase domain are therefore critically required for MICAL function. The mutation in mical G158 (G433S) disrupts a glycine residue located in FAD fingerprint 2 that interacts with the ribose moiety of FAD (Nadella et al., 2005; Siebold et al., 2005) . This rather subtle change alters the subcellular localization of MICAL in muscles and neurons. MICAL accumulates in the cytoplasm of these cells and is not transported to peripheral locations, e.g. along axons. In addition to binding to FAD, this motif may therefore serve as a checkpoint to control for fully folded and functional MICAL proteins. The remaining mutations are stop codons that truncate the protein prior to the LIM domain, suggesting that the LIM-domain and/or other sequences further downstream are equally important for MICAL function, and that the monooxygenase domain by itself is not sufficient. Due to the nature of its protein-protein interaction domains, MICAL has been suggested to act as a molecular platform that interacts with substrate proteins to bring them in close proximity of its monooxygenase domain (Suzuki et al., 2002; Terman et al., 2002; Fischer et al., 2005) . The enzymatic modification of specific substrates may therefore be crucial for MICAL function.
During embryogenesis MICAL is broadly and dynamically expressed in a variety of tissues. With respect to neuromuscular development, we find that MICAL is initially expressed in muscles and, starting with stage 15, in neurons of the central nervous system (CNS). MICAL accumulates preferentially in axons of the CNS and in peripheral regions of muscle fibers, including muscle attachment sites and the cleft between neighboring muscles. MICAL is present in muscles at least until the end of embryogenesis but is not markedly detected in muscles of third instar larvae. This is also consistent with punctate MICAL accumulations in embryonic but not in larval muscles of mical G158 mutants. At NMJs of third instar larvae, MICAL seems therefore to be expressed predominantly at presynaptic sites. This conclusion is additionally supported by the results of the immunostainings, which detected MICAL predominantly in presynaptic terminals. However, we do not want to exclude the possibility that presynaptic MICAL obscures postsynaptically localized proteins. If MICAL has a slow turnover rate, for example, it is quite possible that low levels of embryonic proteins remain stable at postsynaptic sides of NMJs or in muscles until late larval stages. To find further evidence on which side of the NMJ MICAL is required and to determine if the short isoform of MICAL is able to rescue the mutant phenotype, we expressed it in neurons or muscles in heteroallelic mical mutant animals. Neither pre-nor postsynaptic expression could substantially rescue the synaptic or flightless phenotype. One reason could be that the expression level of exogenous MICAL was quite low and higher protein levels would have been required to improve the rescue capability. Since at least three isoforms of MICAL are expressed in embryos, it is also possible that one or both of the other isoforms are functionally required. Indeed, mutations in mical I666 and mical G56 are located in exon 9 and 10, respectively, which should be expressed only in the middle and long isoform, indicating that the short isoform cannot compensate for all MICAL functions. As a third possibility, MICAL function may be required simultaneously on both sides of NMJs to coordinate neuromuscular development.
mical mutants fail to organize myofilaments into sarcomeres
While we have identified MICAL initially through a neuromuscular phenotype, and taking into account the relatively mild guidance defects, we observed the strongest and most prevailing defects in striation and sarcomeric patterning of muscle fibers. MICAL's primary role may therefore reside in the spatial organization of myofilaments, or more specifically, in the assembly of myofilaments into a sarcomeric pattern. First, the earliest detectable abnormal filaments in mutant first instar larvae resemble embryonic filaments at stage 15-16, which form long needle-like structures prior to the formation of sarcomeres. Second, known mutations in muscle-specific isoforms of Myosin, Actin or Troponin-T that affect sarcomere assembly, lead to loose and scattered myofilaments in the sarcoplasm of indirect flight muscles (Beall et al., 1989; Fyrberg et al., 1990) . Third, MICAL is expressed in muscles at the time of sarcomere assembly but we could not detect it in considerable amounts in muscles of third instar larvae when it should be expressed if it has a function in the maintenance of sarcomeres. With respect to its subcellular localization in muscles, it is worth noting that MICAL was not homogenously distributed in the sarcoplasm but preferentially accumulated at the plasmamembrane and muscle attachment sites. Several groups have proposed that myofibrillogenesis starts beneath the plasmamembrane (e.g. Fischman, 1970; Dlugosz et al., 1984; Gregorio and Antin, 2000) . MICAL would therefore be localized correctly to be involved in myofibril assembly. For these reasons, we find it more likely that MICAL is required for the proper assembly of sarcomeres rather than for their maintenance or remodeling. However, as the filament phenotype worsens over time, we cannot exclude the possibility that MICAL plays a role in the maintenance of sarcomeres or in the proteolytic destruction of non-assembled muscle filaments. It is interesting to emphasize the point that non-functional MICAL affects various sarcomeric proteins differently. While myosin and actin filaments were strongly disorganized, the sarcomeric protein D-Titin showed an almost wild-type distribution. Titins are enormous proteins that span the entire half-sarcomere, with their N-terminus being inserted in Z-discs and their C-terminus in M-lines. Titins may therefore function as a molecular scaffold that directs sarcomere assembly (Gregorio and Antin, 2000) . Since the Titin-based sarcomeric backbone seems to be relatively intact in mical mutants, mutations in mical may uncouple sequential steps in the assembly process of sarcomeres.
For myofilament organization, MICAL appears to be required in muscles only. Expression of mical doublestranded RNA in specific tissues to downregulate endogenous MICAL revealed that only muscle-specific knock-down could mimic the myofilament phenotype and flight defects of mical mutants. We were unable, however, to reproduce the neuromuscular phenotype in these experiments, regardless of whether we inhibited MICAL expression pre-or postsynaptically. Possible explanations for this observation could be that the myofilament defects were too weak to interfere with synaptic growth (see below) or that the inhibition of MICAL expression was incomplete in neurons despite we used two different neuronal Gal4-lines. Variability in the efficiency of MICAL downregulation was also observed with muscle-specific Gal4-lines. Whereas Mef2-Gal4 reproducibly disrupted muscle striation, the activity of 24B-Gal4 was much less potent (H.A., unpublished observation). A requirement of MICAL in muscles is further supported by the notion that the assembly of myofilaments is generally considered to be a cell-autonomous process and independent of motoneuronal input, as it occurs in isolated myocytes, cardiomyocytes and myoblast cell lines that are cultured in the absence of any neurons (Holtzer et al., 1972; Cooper et al., 2004) . Furthermore, if MICAL would be required presynaptically for myofilament organization, muscles that lack NMJs should display myofilament defects. In Drosophila sidestep mutants, a high percentage of ventral muscles permanently lack NMJs due to embryonic motor axon bypass phenotypes (Sink et al., 2001; Meyer and Aberle, 2006) . However, sarcomeric organization and muscle striation was normal in non-innervated muscles of sidestep mutants (H.A., unpublished observation), providing further evidence that MICAL is required in muscles to regulate the higher order assembly of myofilaments. The disturbances in the architecture of contractile filaments in mical mutants do not inhibit muscle contraction completely. They seem to interfere, however, with the speed and vigor of contraction cycles, which may be less problematic for larval muscles but may drastically affect metabolically active muscles, such as the highly structured indirect flight muscles, which would explain why mical mutant adults are unable to fly.
Disorganized filaments may prevent synaptic growth
In wild-type larvae, synaptic boutons are located on the surface of the muscle fiber and are fully wrapped by an insulating layer of SSR. The SSR begins to form in first instar larvae. Initial membrane invaginations of the postsynaptic membrane develop into a multiply folded stack of membrane cisternae during larval life (Atwood et al., 1993; Jia et al., 1993) . In mical mutants, the SSR appears almost completely absent. The remaining invaginations are flattened to sac-like cavities and widely dispersed in the postsynaptic cytoplasm. The SSR has no assigned function but apart from an exchange of metabolites between the extracellular space and the muscle fiber it may represent a specialized region that facilitates synaptic growth. Repetitive imaging of the same set of NMJs during consecutive stages of development revealed that sprouting buds of dividing boutons grow out and into the surrounding SSR (Zito et al., 1999) . Newly forming boutons therefore have to displace the membrane stacks of the SSR in order to gain new synaptic territory. Remnants of the SSR will eventually be adopted by the new bouton. In this view, and due to its flexible and dilatable structure, one of the functions of the SSR could be to facilitate bouton outgrowth. Bouton division and outgrowth seems therefore to be facilitated by two factors: superficial location and SSR envelopment. In mical mutants, synaptic boutons are not superficially located and not wrapped by a soft layer of SSR. They are firmly embedded in the muscle tissue. Actin and myosin filaments accumulate in postsynaptic regions and beneath the sarcolemma. As one possibility, we propose that the detached filaments corrupt the development of the SSR. The network of interdigitated cytoskeletal elements around synaptic boutons would then make it difficult for budding boutons to push out into the muscle tissue and would thus hinder the spreading of synaptic boutons across the muscle surface during larval growth. Although this model favors postsynaptic functions of MICAL, at present, we cannot exclude the possibility that MICAL has also presynaptic functions, which control synaptic structure. Under this scenario, the myofilament phenotype is likely to be independent of the synaptic phenotype. Further studies including high efficient tissue-specific inhibition of MICAL expression, will hopefully allow us to determine which of these possibilities is correct. Regardless of whether MICAL functions pre-or postsynaptically, the data presented here show that MICAL is a critical regulator of myofilament architecture and synaptic structure during postembryonic development.
Materials and methods

Genetics and fly stocks
The milchstrasse alleles (later renamed to mical) G56, G158, I666, I696, I1367, K583 and K1496 were isolated in a standard F2 EMS (methanesulfonic acid ethylester)-mutagenesis screen . CD8-GFP-Sh (Zito et al., 1999) third instar larvae carrying homozygous recessive mutations were examined under a confocal microscope for structural defects of their neuromuscular junctions. All mical mutant chromosomes therefore carry a copy of CD8-GFPSh. Homozygous mutant embryos were identified using TM3, twist-GFP balancers (Bloomington, http://flystocks.bio.indiana.edu/). Transgenic UAS-mical-IR flies (ID25371 and ID25372) were kindly provided by Barry Dickson, Georg Dietzl and Frank Schnorrer. The UAS-mical-IR transgene consists of the first 800 bp of mical exon 14 (nucleotides 3964-4764 in AF520715) that were cloned as inverted repeats into pUAST. OK371-Gal4 is expressed in motoneurons and other glutamatergic neurons during all developmental stages . Elav-Gal4, Mef2-Gal4 and 24B-Gal4 were generously provided by Corey Goodmann. UAS-mical and Df(3R)swp2 mical were kind gifts of Alex Kolodkin. As wild-type control strains we used y w 1 or w;;CD8-GFP-Sh (insertion 7A, which is isogenic to the EMSinduced mical mutant strains).
Complementation and mapping
Mutant lines with apparently similar neuromuscular defects were crossed to each other and judged for non-complementation by the presence of the NMJ phenotype and the inability to fly. Mutations were mapped by meiotic recombination using the multiply marked rucucachromosome. Localization was refined using available deficiencies (Bloomington stock center, Terman et al., 2002) . Df(3R)by62 and Df(3R)swp2 mical failed to complement mical mutations, whereas Df(3R)by416, Df(3R)by10 and Df(3R)GB104, Df(3R)mr01 and Df(3R)mr73 did complement.
Quantification of boutons and flight tests
Bouton numbers were quantified on muscles 6/7 in segment A2 of dissected wild-type and mical mutant third instar larvae stained with CD8-GFP-Sh. Muscle surface areas were calculated by measuring the width and length of each fiber. The flightless phenotype of transheterozygous mutant adults was assessed by pushing flies singly or in batches of 10 through a funnel into a 1000 ml graduated glass cylinder (6 cm in diameter) coated on the inside walls with a thin layer of oil. Flies initiating flight behavior will stick to the wall at a certain height, which is a measure of their flight ability (Benzer, 1973) .
Cloning and molecular analysis of mical
Genomic DNA of wild-type and mutant larvae was isolated using the QIAamp DNA Mini Kit (Qiagen), amplified by PCR and sequenced on both strands using the BigDye Terminator kit (PE Applied Biosystems). Sequences were analyzed with the Lasergene Software package (DNAStar). mical cDNA sequences from various organisms were obtained from GenBank (http://www.ncbi.nlm.nih.gov/). Additional database searches were performed at FlyBase (http://flybase.bio.indiana.edu/). EST AT26738 encodes a partial Drosophila mical cDNA and was obtained from the Berkeley Drosophila Genome Project (http://www.fruitfly.org/). The exons of mical are numbered according to the occurrence of four non-coding exons in the 5 0 UTR of AT26738. The cDNA in AT26738 runs into intron 8 of mical leading to a premature translational stop shortly after the CH-domain. Digoxigenin-labeled (Roche) sense and antisense probes for in situ hybridizations were synthesized using Sp6-and T7-RNA-Polymerases and AT26738 as a template.
Electron microscopy
Larval fillets were fixed with 2.5% glutaraldehyde in PBS for 20 min at room temperature and for 1 h at 4°C, postfixed with 1% osmium tetroxide in 100 mM phosphate buffer pH 7.2 for 1 h on ice, washed with H 2 0, treated with 1% aqueous uranyl acetate for 1 h at 4°C, dehydrated through a graded series of ethanol and embedded in Epon. Ultrathin sections were stained with uranyl acetate and lead citrate and viewed in a Philips CM10 electron microscope.
